FeTa and FeTaN thin films have been fabricated by sputter deposition from separate Fe and Ta magnetron sources. Microstructural investigations revealed that FeTa binary alloy films undergo a nanocrystalline to amorphous transition at about 17 at% Ta. This transition is associated with rapid simultaneous reductions in coercivity and saturation magnetization and increases in hardness and resistance to plastic deformation. Below 17 at% Ta the films exhibit a single-phase bcc structure and their lattice spacing increases linearly with Ta addition in agreement with Vegard's law, which indicates the incorporation of Ta in substitutional sites. The grain size and coercivity of the bcc binary films is seen to increase considerably with increasing Ta content. The addition of nitrogen causes a decrease in grain size, which is accompanied by a reduction in coercivity and an enhancement of hardness.
Introduction
There is significant interest in Fe-based soft magnetic thin films from both a fundamental materials perspective and due to their potential exploitation as pole materials in high-moment magnetic recording heads. Future advanced pole materials should display: high saturation magnetization to write on highcoercivity media; low coercive force to maximize switching speed; an optimal anisotropy field for high permeability; close to zero magnetostriction to render device operation independent of stresses; high electrical resistivity (or ability to be deposited as multilayers) to suppress eddy current formation; high thermal stability and excellent wear and corrosion resistance [1] .
Fe itself, has a saturation magnetization M s (22 KG) higher than that of the presently used permalloy (Ni 81 Fe 19 ). However, it also has an intrinsically large magnetocrystalline anisotropy (K 1 = 4.8 × 10 5 erg cm −3 ) and a large 3 magnetostriction (λ p = −7 × 10 −6 ), which are undesirable from the point of view of obtaining soft magnetic characteristics. To reduce the magnetocrystalline anisotropy of Fe, most of the investigations on Fe-based alloy films have been concentrated on ways to reduce the grain size of the magnetically coupled α-Fe. The incorporation of nitrogen into Fe films refines the grain size, inhibits grain growth and expands the bcc α-Fe lattice, which are in turn associated with low H c and high M s films. However, hightemperature treatments often prevent the small grain size from being maintained in simple FeN films. It has been reported that the addition of third elements such as Ta [2] , Al [3] , Zr [4] , Hf [5] inhibits grain growth even at high annealing temperatures. Furthermore, the thermal stability of FeXN films in the presence of longitudinal and transverse magnetic fields has been shown to be critically dependent on the deposition conditions and is attributed to the differences in the distribution and mobility of nitrogen atoms in the Fe lattice [6, 7] .
The low fly heights, at which future heads are expected to work, will place increased importance on the durability of these soft magnetic alloys. Measurement of the mechanical properties of materials at nanometre scale and correlation with microstructure is very important in understanding their tribological behaviour. Depth sensing indentation at low loads, or 'nanoindentation', has become an important method to obtain quantitative measurements of hardness (H ) and Young's modulus (E) on films micron to submicron thick [8] . However, indentations with contact depths of less than 10% of the film thickness are needed to obtain intrinsic film properties and avoid the influence of the substrate. Alternatively, finite element analysis [9] can be used to simulate the nanoindentation response and evaluate the layer's properties. Still, this approach works only for films thicker than 100 nm [10] . Moreover, due to equipment limitations such as machine resolution, signal to noise ratio and tip-rounding effects, it is very difficult to obtain meaningful analytical results for indentation depths less than 10 nm. Bearing in mind the above, it is obvious that it is not possible to obtain substrate independent results for films less than 100 nm thick. Therefore, in order to analyse films less than 100 nm thick, it is essential to monitor the mechanical properties as a function of depth, in order to get an insight on the influence of the substrate. In this work, we use a dynamic approach, termed continuous stiffness measurement, (CSM) [8] , to continuously monitor the E and H values as a function of the indentation depths.
The magnetic properties of FeTaN films are critically dependent on microstructure and composition [11] . So far, studies on FeTaN have been concentrated on sputtered films produced from a single hot pressed FeTa target or from a composite Fe target with Ta chips. In this work, we have chosen to prepare a range of FeTa and FeTaN films by co-sputtering from separate Fe and Ta targets to allow maximum control over film composition. Crystallinity and microstructure have been investigated as a function of both tantalum and nitrogen content with a view to understanding the resultant magnetic and nanomechanical properties.
Experiment
Films were deposited by dc magnetron sputtering onto rotating oxidized Si substrates at room temperature. The deposition system had a base pressure of below 5 × 10 −8 Torr and deposition was carried out at a gas pressure of 3 mTorr. A series of films of composition Fe [100−x] Ta x were deposited with x in the range of 0-25 at%. Compositional control was achieved by varying the relative deposition rates of Fe and Ta from separate magnetron sources. FeTaN films were then deposited by reactive N 2 deposition. Nitrogen content in the films was varied by changing the relative flow rate of N 2 to Ar. The deposited layer thicknesses were in the region of 65-90 nm. The exact thickness of each film was determined by stylus profilometry on etched steps. Samples were magnetically characterized by vibrating a sample magnetometer and magneto-optical loop plotter. A Jeol 200CX TEM and a Siemens x-ray diffractometer utilizing Cu Kα radiation were used for structural analysis. Chemical compositions of the films were determined by wavelength dispersive x-ray analysis and auger electron spectroscopy. All depth sensing indentation experiments were performed on a Nanoindenter II (Nanoinstruments) using the CSM option. The load displacement data were analysed according to the Oliver and Pharr model [8] to extract the values of H and E. The indenter was a Berkovich pyramid with nominal radius of 50 nm. In the CSM mode the indenter is loaded as in the standard mode but a small ac modulation is superimposed on the applied load. This enables the instrument to acquire not only the information regularly obtained by the dc method but also the instantaneous contact stiffness throughout the indentation process. The additional stiffness information is quite useful, allowing the derivation with the conventional analytical method of both hardness and modulus as a function of depth. For each sample a series of 10 indents was performed, spaced 20 µm apart and the results were averaged. The ac nano-indentations were performed under identical testing conditions, at maximum loads of 2000 and 5000 µN. shows the microstructure of a film with x = 13. The average grain size has increased to over 200 nm while retaining the bcc structure. Large-grain structure was found in films containing up to 17 at% Ta. Above this Ta content the microstructure changed dramatically. Figure 1(c) shows the microstructure of a film with x = 25 at%. The micrograph and diffraction pattern clearly represent an amorphous structure. Binary FeTa films with Ta composition of less than 17 at% possessed a bcc structure with a well defined [110] peak reflection observed by x-ray diffraction. Figure 2 shows θ −2θ diffraction scans from as-deposited films with x = 0, 6.5 and 13.2 at%. The [110] peak can be seen to shift to lower 2θ values with increasing Ta content, indicating expansion of the Fe lattice with the addition of Ta. Peak intensity increased with Ta content due to the increasing grain size, as seen in the TEM micrographs. Figure 3 shows the percentage expansion of the iron lattice as a function of Ta at% composition in binary films. Both the displacement of the (110) θ-2θ diffraction peak and measurements of high-index diffraction rings from TEM were used to calculate the lattice expansion. The expansion of the lattice is essentially linear with increasing Ta composition. The solid line is the expansion expected for substitutional incorporation of Ta in the Fe lattice, which assumes a linear relationship between bcc Fe (a 0 = 0.286 nm) and Ta (a 0 = 0.329 nm) (Vegard's law). These results coupled with the TEM data indicate that the solubility limit of Ta in Fe while retaining the bcc structure is about 17 at% in our sputtered films. This extension of the solubility limit over typically less than 1 at% in equilibrium is in agreement with the work of Viala et al [12] , who found a solubility limit of at least 5.4 at%. The increased grain size is linked to a lowering of the melting temperature as the Ta content increases. The grain nucleation rate is a sensitive function of the ratio of glass transition temperature to melting temperature. As the melting temperature approaches the glass transition temperature both the maximum nucleation rate and the temperature range over which nucleation is possible fall [13] . During sputter deposition, where we are quenching from the vapour phase onto room temperature substrates, the films are amorphous when the Ta content is above 17 at%. Figure 4 shows the magnetization and coercivity of binary alloy films as a function of Ta content. The amorphous transition at about 17 at% coincides with a significant drop in saturation magnetization from >16 to <7 kG. It can be seen from figure 4 that high magnetization and low coercivity are not achieved simultaneously in the binary alloy films. The transition to an amorphous structure corresponds to a fall in coercivity due to reduced anisotropy in non-crystalline materials.
Results and discussion
The effects of nitrogen flow rate on the magnetic properties of two series of binary alloys with Fe to Ta ratios of 16:1 and 11:1 are shown in figure 5 . The coercivity drops dramatically for nitrogen flow rates over 4%, being below 3 Oe. The saturation magnetization remains above 16 KG for flow rates below 8 sccm. The drop in coercivity is due to a decrease in grain size and can be seen in figure 6(a) , which is a TEM micrograph from a low-coercivity film with an Fe:Ta ratio of 11:1 and a nitrogen flow rate of 3 sccm. The structure is still bcc as evidenced by the diffraction pattern inset in figure 6(a) . The lattice is expanded over that of the equivalent binary alloy by interstitial substitution [14] . Nitrogen acts as a grain refiner and the low coercivity is due to diminishing crystalline anisotropy as the grain size becomes nano-crystalline [15] . Transverse bias permeability measurements on nanocrystalline FeTaN films [11] have conclusively shown that the soft magnetic properties are linked with the reduction of the structure factor, S, in accordance with ripple theory [16] . For higher nitrogen flow rates the material is no longer single-phase bcc and a [111] TaN diffraction ring can be seen in the inset diffraction pattern of figure 6(b) from film with an Fe:Ta ratio of 11:1 and a nitrogen flow rate of 11 sccm. Figure 7 shows the hardness and Young's modulus response of the bare substrate and of FeTaN [Fe:Ta ratio = 11:1] films prepared at various nitrogen flow rates, as a function of indention depth. Error bars represent the standard deviation for the continuous stiffness data from all 10 indents. For readability, only three representative flow rates have been included, and error bars are shown only on one sample, but scatter for the other samples was similar. These measurements were conducted at a maximum load of 5000 µN. Curves obtained at peak loads of 2000 and 5000 µN overlaid almost completely, verifying the reproducibility of the results. The samples were between 67 and 74 nm thick. Both H and E values exhibit a convergence at large contact depths, to values representative of the substrate. The hardness follows a monotonic increase at the first 30 nm and then levels off at deeper levels as the influence of the substrate increases.
One approach for dealing with substrate influences is to make the indentation small enough to avoid the substrate effect. In practice, this is accomplished by constraining the indentation depth to a small fraction of the film thickness, however it should be large enough to reach full plasticity. A common accepted rule of thumb suggests that substrate independent measurements can be obtained if the indentation depth is kept to less than 10% of the film thickness [17] . In our case, according to the rule, nanoindentation characterization of a ∼ 70 nm film would have to be made at a penetration depth of less than 7 nm. However, accurate measurements at this scale are difficult to obtain due to vibration, tip rounding effects, and difficulties in precise determination of the location of the specimen surface. For purposes of comparison, in the following discussion, H and E at a contact depth of 50% of the coating thickness will be considered as representative of the composite film/substrate system. Figure 7 shows that the oxidized Si substrate has a hardness value of ∼10.7 ± 0.2 GPa, which is close to the SiO 2 value (11 GPa) reported in the literature. Since the films are deposited on the same substrate and they have similar thickness, it appears, without detailed analysis, that the hardness of pure FeTa films is improved with incorporation of nitrogen. The general behaviour was consistent with that seen previously on FeTaN [18] , and FeN [19] films. The increase in hardness is attributed to the grain refinement associated with the incorporation of nitrogen in the film. This dependence is in agreement with the Hall-Petch equation [20] , which predicts increases in strength with grain refinement. The strengthening mechanism is based on dislocation pinning near the grain boundaries. Thus, it appears that the increasing hardness with decreasing grain size is the result of the introduction of an increasing number of grain boundaries, which act as barriers against dislocation motion.
The substrate modulus shows linear indentation dependence. The E value is near 75 GPa at small depths and increases to 142 GPa at an indentation depth of 165 nm. The thermally oxidized layer has a thickness of ∼400 nm. This linear behaviour can be explained, based on the elastic constants of bulk SiO 2 and Si. The modulus of bulk silica and silicon are 75 and 168 GPa, respectively. It is thus expected that the modulus will have values between those of SiO 2 and Si as the indenter further penetrates the substrate.
It should be mentioned that at flow rates higher than 9 sccm the hardness decreased slightly. The grain size in FeTaN films continuously decreases with an increase in nitrogen content. The decrease in strength as the grain size decreases is called the inverse Hall-Petch effect and has been observed in studies of nanocrystalline materials with very fine grain sizes (<8 nm) [21] . It appears that some nanocrystalline materials display a transition at a critical grain size, from a positive Hall-Petch slope at larger grain sizes to a negative slope at the smallest grain sizes. The reason for the softening effect is not completely clear, but appears to be related to an increase in grain boundary sliding. This grain boundary sliding activity may result from the nature of the grain boundary material or a preferred crystallographic texture. Indeed, at increased nitrogen pressures, TEM observations identified a TaN diffraction ring, indicating precipitation of this phase.
The pure FeTa film shows a higher modulus than the nitrogenated FeTa films. One can obtain useful information for these materials from their hardness to modulus ratio, H/E. This parameter can be used as a first-order measure of the material's ability to resist plastic deformation in a contact event [22] . Resistance to contact damage does not depend only on the hardness, but also on the elastic modulus. Material with low modulus can elastically deform to distribute the contact load over a large area, thereby reducing the contact pressure. Contact damage is then avoided in materials with high hardness and low modulus. It is worth noticing from table 1, that the nitrogenated FeTa films have H/E ratios approximately 23% larger than the pure FeTa and may thus be more resistant to plastic contact damage.
The dependence of hardness on Ta content in binary FeTa films is shown in figure 8 . shows a break in the slope at around 17 nm, presumably due to cracking of the layer. The Fe 74.3 Ta 25.7 displayed an apparent increase in hardness relative to the lower Ta content films. The sudden increase in hardness is related to a rapid decrease in crystalline size, associated with a structural transformation from nanocrystalline to amorphous state, upon increasing the Ta content above 17 at%.
Conclusions
The effects of nitrogen flow rate and Ta content on the microstructure, magnetic and nanomechanical properties of nanocrystalline FeTaN thin films deposited by co-sputtering on SiO 2 substrate have been investigated. For binary Fe (100−x) Ta (x) films we observe a bcc structure up to x = 17 at%. At x > 17 at% a bcc to amorphous structure change is observed. The consequences of the nanocrystalline to amorphous transition are a rapid simultaneous reduction in coercivity and saturation magnetization, together with an increase in hardness. The lattice spacings of the bcc binary FeTa alloys were found to expand linearly with x to a maximum of 2.5% above that of pure iron, in accordance with Vegard's law. The addition of nitrogen causes a decrease in grain size in the films, which is accompanied by a reduction in coercivity and an increase in hardness and resistance to plastic deformation.
